Introduction
Microsatellites are repetitive nucleotide sequences distributed throughout the genome. In normal DNA the faithful replication of these sequences is assured by DNA mismatch repair genes (MMR). These are responsible for greatly reducing the rate of spontaneous errors arising from slippage during the replication of microsatellites (Percesepe et al., 2000) . The faithful replication of microsatellites located in coding DNA is obviously critical to the function of the relevant genes and as a consequence these repeats are highly conserved. In contrast, the majority of microsatellites found in noncoding DNA regions are polymorphic, indicating a high rate of spontaneous mutation. Some non-coding repeats are conserved however, suggesting they may have a functional role in the regulation of gene expression (Duret et al., 1993) . Among non-coding regions of possible functional signi®cance are those within 3' and 5' untranslated regions (UTR)¯anking the coding sequence of genes (Conne et al., 2000; Sonenberg, 1994; Pesole et al., 1997) . For example, a variety of repeats including poly(T) (Winter and Varshavsky, 1989; Buchman and Kornberg, 1990) , poly(C) (Goller et al., 1994) and poly(GA) (Aharoni et al., 1993; Yee et al., 1991) are located within binding sites for transcriptional regulatory proteins. Direct evidence of microsatellites serving as transcriptional activating elements are seen with the (TCC) repeat directly upstream of the EGF receptor coding region (Johnson et al., 1988) and the (T) 9 repeat at the 3' end of the DED1 promoter (Lue et al., 1989) . Correlations between the absence of these repeats and reduced levels of transcriptional activity have been shown.
The microsatellite instability (MSI-H) cancer phenotype is caused by defective DNA mismatch repair (Ionov et al., 1993 , Thibodeau et al., 1993 and is characterized by frequent insertion and deletion mutations in mono-, di-, tri-and tetranucleotide repeat sequences. MSI-H is frequently observed in tumors from the hereditary cancer syndrome, hereditary nonpolyposis colorectal cancer (HNPCC) (Aaltonen et al., 1993) , as well as in approximately 10 ± 15% of sporadic gastrointestinal tumors (Eshleman and Markowitz, 1995) . A number of microsatellites present within coding regions of genes have been examined in MSI-H tumors for alterations in repeat length that would give rise to frame-shift mutations and aberrant protein structure. Microsatellite alterations leading to the inactivation of genes such as TGF-bRII , BAX (Rampino et al., 1997) , IGFIIR (Souza et al., 1996) and TCF-4 (Duval et al., 1999) have been implicated in the MSI-H tumorigenic pathway. In addition, non-coding repeats such as BAT-26 in intron 5 of hMSH2 and BAT-25 in intron 16 of c-kit are used as established mononucleotide markers for determining MSI status with greater than 99.5% accuracy (Zhou et al., 1997; Hoang et al., 1997) .
Mutations in these mononucleotide repeats are not thought to have functional signi®cance however in the MSI-H pathway (Zhou et al., 1997) .
In other instances the alteration of non-coding microsatellites has been implicated in the aberrant expression of genes involved in tumorigenesis. For example, deletion of a (T) 19 repeat within the intronic transcriptional attenuation region of c-myb was associated with overexpression of this gene in colon tumor cell lines (Thompson et al., 1997) . These workers proposed that deletion of the repeat may have been due to the MSI-H phenotype, although this was not investigated. In another study, Fu (1996) observed reduced levels of TP53 expression in acute myelogenous leukemia (AML). They identi®ed a 50 nucleotide U-rich sequence at the 5' boundary of an Alu-like element in the 3' UTR. This sequence interacts with the poly(A) tail, thereby repressing the level of TP53 translation in vitro.
In the present study we examined a large number of mononucleotide UTR repeats between 15 ± 32 bp in length for their conservation in the normal population and for their frequency and extent of deletion in MSI-H colon tumors. In germline DNA, a surprisingly high proportion of these repeats was conserved despite their relatively large size. We also observed a very high frequency of deletion of the conserved repeats in MSI-H tumors.
Results

Conservation of UTR repeats in germline DNA
A systematic search of GenBank cDNA sequences revealed a large number of mononucleotide repeats within 3' and 5' UTRs. A total of 35 poly(A) and poly(T) sequences between 15 ± 32 bp in length and 2 kb either upstream or downstream from coding sequences were selected for study on the basis of a possible involvement of the associated gene in cancer (Table 1) . In order to establish their degree of conservation, the repeats were analysed in a series of 60 normal individuals. They were classi®ed as conserved if found to be monomorphic or quasimonomorphic (+1 bp) in this population. Polymorphic repeats on the other hand contained at least two alleles with 42 bp allelic shifts ( Figure 1 ) and the proportion of individuals carrying these alternate alleles varied between 10 ± 50% amongst the 60 normal individuals examined (results not shown). For repeats 420 bp, 75% (12/16) were found to be conserved, whereas in repeats 420 bp only 37% (7/19) were monomorphic/quasimonomorphic (P=0.024). The seven conserved repeats longer than 20 bp are highlighted in Table 1 . In all, 19/35 (54%) repeats were conserved.
Analysis of instability of UTR repeats in MSI-H colon tumors
The 19 conserved repeats identi®ed above were analysed for instability in 87 primary CRCs and in 30 CRC cell lines. Of these, 32 primary tumors and 11 cell lines had previously been classi®ed as MSI-H. Each of the 19 conserved UTR repeats was deleted in more than 95% of MSI-H tumors, but in none of the MSS (microsatellite stable) tumors. The average length of deletion for each of these repeats in MSI-H tumors is shown plotted against its length in Figure 2 . Longer mononucleotide repeats were associated with larger deletions while shorter repeats were associated with smaller shifts. This correlation was signi®cant for both 3' (P=0.003, R=0.815) and 5' UTR repeats (P=0.00024, R=0.987). No dierence in the level of instability was seen between 3' and 5' UTR repeats (results not shown).
Comparison of deletions in 3' and 5' UTR repeats with deletions in intronic repeats
A cumulative deletion index (CDI) comprising the sum of deletions for all 19 conserved repeats was calculated for each MSI-H tumor. When compared with the CDI for the BAT-25 and BAT-26 intronic mononucleotide repeats, previously referred to as Shortening Index at Non-Coding repeats (SINC) by our group (Duval et al., 2001 ), a signi®cant correlation was observed (Figure 3 ; P=0.025, R=0.312). These results suggest that the instability of non-coding mononucleotide repeats in MSI-H tumors is quantitatively similar, irrespective of their 5' UTR, intronic or 3' UTR location.
Discussion
The alteration of coding repeats in MSI-H tumors has obvious and well-documented consequences for gene function and tumorigenesis . In contrast, the extent of instability in non-coding repeats and the functional consequences in MSI-H tumors have not been well characterized. Their mutation is considered to be a bystander event in the general instability caused by defective mismatch repair (Ionov et al., 1993) . There is increasing evidence however to suggest that UTR regions are rich in sequence elements that are essential for gene expression (Nowak, 1994) and some of these are known to contain microsatellites. It is conceivable therefore that deletions in some UTR repeat sequences may have functional consequences in MSI-H tumors. In the present study we investigated the allelic pro®les of a large number of mononucleotide UTR repeats as a ®rst step towards identifying a possible functional role.
The polymorphic nature of microsatellites made it essential to ®rst establish the range of allelic lengths in normal individuals. A surprisingly high proportion (54%) of mononucleotide UTR repeats 515 bp in length were conserved in normal individuals and in MSS tumors. We observed that shorter repeats were generally more conserved than longer repeats (Table 1) . A similar trend has been observed by others for dinucleotide repeats (Sturzeneker et al., 2000) . The relative conservation of shorter repeats is not necessarily an indication of functionally related selective pressures, but rather it may represent the general ®delity of DNA replication within the normal population. It is likely that polymerases are more prone to slippage with longer repeats, thus creating the alternate alleles observed in the population (Levinson and Gutman, 1987) . Interestingly a subset of the generally polymorphic, 420 bp repeats was conserved in this series of germline DNA and this unusual conservation is likely to be related to selective pressures associated with a possible regulatory role. All 19 conserved UTR repeats of 515 bp in length examined in this study were mutated speci®cally and at very high frequency (495%) in MSI-H tumors. Noncoding repeats 8 bp in length were recently reported to be mutated at a lower frequency of 5 to 50% in MSI-H tumors, with dierent repeats showing substantial variation in the prevalence of mutation (Zhang et al., 2001) . Together, these results demonstrate that the frequency of mutation of non-coding repeats is proportional to their length. In addition, results from the present study show that the average length of deletion within mononucleotide repeats in MSI-H tumors correlates strongly with the length of the repeat (Figure 2) , regardless of their location in 5' UTR, intronic, or 3' UTR regions.
Some of the deletions observed in 3' and 5' UTR repeats could in¯uence the stability of secondary RNA structures and the accessibility of DNA binding sites in the region surrounding the repeats. As a consequence, deletions in UTR repeats could theoretically in¯uence the level of gene expression in MSI-H tumors. It is unlikely however that the very frequent mutation of non-coding repeats observed in MSI-H tumors is always associated with functional relevance. The conservation of such repeats amongst species might indicate a possible functional role, however this was not observed for most repeats and in many instances these diered by having Guanine insertions. Moreover, the repeats were not in the vicinity of any known functional elements when analysed using UTRsite (Pesole et al., 2000) , a specialized database for the identi®cation of functional elements within UTRs. Nevertheless, it cannot be excluded that deletions in Oncogene Conservation and instability of repeats in 5' and 3' UTR N Suraweera et al some UTR mononucleotide repeats, particularly those larger repeats that are conserved, may result in such altered gene expression. A major issue is whether this gives rise to detectable phenotypic changes involved in the MSI-H tumorigenic pathway. Although not referring speci®cally to MSI-H tumors, Kashi et al. (1997) argue that such alterations do result in quantitative changes to gene expression but do not lead to major changes in cell phenotype. Analysis of the expression of genes containing mutated UTR repeats may reveal interesting quantitative dierences between MSI-H and MSS tumors, particularly for repeats that are conserved in humans. Assuming that dierences in expression level are found, it remains to be determined whether these changes contribute to the MSI-H tumorigenic pathway.
Materials and methods
DNA samples
Normal DNA was obtained from 60 unrelated individuals from the CEPH. A total of 30 CRC cell lines and 87 primary, sporadic CRC were also analysed. DNA was extracted using standard methods and MSI-H status determined by screening for deletions in the BAT-25 and BAT-26 mononucleotide repeats and in some cases with additional dinucleotide microsatellites (Duval et al., 2001) . Thirty-two primary tumors and 11 cell lines were classi®ed as MSI-H.
Identification of UTR repeats
A systematic search of GenBank cDNA sequences was used to identify 3' and 5' UTR repeats greater than 15 bp in length and within 2 kb of the coding sequence. Some genes contained GenBank-speci®ed 3' and 5' UTRs while others were not speci®ed. Poly(A) and poly(T) sequences were abundant in both 3' and 5' UTRs, whereas poly(C) and poly(G) repeats were rare within these regions. Therefore, a total of 35 mononucleotide repeats containing poly(A) and poly(T) sequences in the 3' or 5' UTR were selected for study. These repeats were carefully selected to avoid any poly(A) tail sequences in the 3' UTR.
Analysis of UTR repeats
Primers¯anking the repeats were selected for polymerase chain reaction (PCR) ( Table 1 ). The PCR ampli®cation was performed with primer concentrations of 1 mM each and in the presence of 100 mM deoxynucleotide triphosphates, 0.25 U Taq polymerase and 50 ng of DNA in a 20 mL reaction volume. PCR conditions were 958C for 5 min followed by 35 cycles (958C for 30 s, annealing temperature for 1 min, 708C for 1 min) and 708C for 10 min. The annealing temperature for each primer is given in Table 1 . PCR products were separated on denaturing polyacrylamide gels (7 M urea/32% formamide/7% acrylamide) and then transferred overnight to nitrocellulose membranes (Hybond N + nylon membrane). The membranes were hybridized with 32 P-labeled probe made with one of the primers used for the corresponding PCR reaction as previously described (Zhou et al., 1997) .
